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Abstract 
This study conducted Detached-Eddy Simulations of the actively controlled flow over a 0.35 m chord NACA0015 airfoil at an 
incidence angle of 11㼻and a chord Reynolds number of 1 million. Both pulsed blowing and a harmonic actuation (zero-net-mass 
flux) were used and compared. Flow separation can be delayed by both excitation mechanisms through a slot positioned at 30% 
of the chord length. By simulating different excitation frequencies and intensities, an optimum flow control condition was 
identified, which agreed well with the one in experiment. 
© 2013 The Authors. Published by Elsevier Ltd. 
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Nomenclature 
c chord length 
Cf skin friction 
Cp pressure coefficient 
ǻt time step 
f frequency 
fex frequency of periodic excitation 
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F+ fex × c/U, non-dimensional excitation frequency 
Tu (2k/3) 0.5 /U, free stream turbulence intensity 
Rec Reynolds number based on c 
St f c/U, Strouhal number 
U free stream velocity 
xsep separation location 
1. Introduction 
Drag reduction and separation control are directly related to more efficient air transportation and less emission of 
harmful gases into the environment. Vortex generator is one of the most widely used flow-control devices. It 
however introduces additionally unsteadiness into the separated flow, which present an ideal application for hybrid 
RANS-LES methods, e.g. the Detached-Eddy Simulations (DES) originally proposed and further revised by Spalart 
et al.[5]. 
Recently, Siauw et al. [2] experimentally studied the flow around a NACA 0015 airfoil using the angled fluidic 
vortex generators (FVGs), which did not introduce parasitic drag like passive mechanical vortex generators. They 
established a statistical relationship between pressure and velocity signals during both the uncontrolled steady state 
and the transient processes of attachment/separation. A criterion was then proposed, as successfully predicted the 
onset of separation. 
The goal of this paper is to numerically validate their novel findings using the Delayed DES (DDES) method[1]. 
This investigation, carried out within the on-going EU-China project MARS (Manipulation of Reynolds Stress for 
Separation Control and Drag Reduction), includes a comparison of different choices of underlying RANS model as 
well as a comparison of URANS with DDES. 
2. Flow configuration 
The numerical test model (see Fig.1) represents a NACA 0015 airfoil at a chord Reynolds number of about 1 
million in response to the deployment and removal of actuation slots positioned at 30% of the chord length c 
(=0.35m) of the airfoil. The influence of the incidence angle on the separation was carefully analyzed in experiment3. 
It was found that at 11o of incidence the separation was two-dimensional with minimal vibration, as adopted in the 
present work. The chosen flow condition is such that jet deployment corresponds to complete flow attachment over 
the airfoil; jet removal will cause flow separation up to an extent defined by the uncontrolled separated state. 
 
 
 
Fig. 1. NACA0015 airfoil configuration 
3. Numerical methods and grid generation 
The three-dimensional compressible Navier-Stokes equations are solved with Roe's implicit, finite volume and 
upwind algorithm. By means of the monotone upstream-centered schemes for conservation laws interpolation of the 
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primitive variables, the quantity in the inviscid fluxes is obtained. The viscous flux terms are calculated by a second-
order central difference. The Menter SST model[4] is used here as the underlying model for the Delayed Detached-
Eddy Simulations (DDES)[1]. 
 
 
   (a) block topology                                                                    (b)jet cavity 
 
 (c) near field view                                               (d) leading edge 
Fig. 2. Topology of the computational mesh. 
Two 2-D grids of 0.37million (see Fig. 2) and 0.18million nodes, respectively, are generated to test the grid 
independence. Consistent with the experiment, the slot is 1.5×10í3c wide and 3×10í2 c long. Based on the medium 2-D 
grid, we built a 3-D mesh with 81 nodes in the spanwise direction. The computational domain is of size LChLNhLZ = 
20ch10ch0.2c. 
From initial numerical investigations of the configuration without excitation, characteristics of the unsteady 
behaviour are already known. A separate study of the influence of time step size indicated that a typical time step of 
ǻt =5 ×10í3c/U is sufficient to obtain results independent of the temporal resolution. All computations presented 
here are based on this time step size, e.g. which allows a resolution of around 120 time steps per actuation cycle for 
the highest non-dimensional oscillating frequency of F+ = fex× c/U=1.0. 
At the wind tunnel entry all flow quantities including the velocity components and turbulent properties are prescribed. 
The level of turbulence at the inflow is set to Tu = (2k/3) 0.5 / U = 0.5% and the turbulent viscosity ȝt/ȝ=0.1. At the 
outflow a convective boundary condition is used that allows unsteady flow structures to be transported outside the 
domain. The complete airfoil surface is modeled as a non-slip boundary condition. The wind tunnel walls are 
approximated as inviscid walls. 
Both the “laminar profile” and the resolved actuation slot (see Fig. 2(b)) are considered in the present paper. The 
“laminar profile”stands for an actuation boundary condition used to model the velocity profile on a small wall segment. 
For the generic slot, the actuation velocity inlet is pleased at its bottom. The time-dependent velocity for the pulsed 
actuation (see Fig. 3(a)) is modeled as follows: 
52   Liang Wang et al. /  Procedia Engineering  79 ( 2014 )  49 – 54 
u jet (x,W )  ua (x) 
1
2
 tanh
W p
ts99
§
©
¨
·
¹
¸ 
1
2
ª
¬
«
«
º
¼
»
»
 1
2
 1
2
 tanh
W p  DC T
ts99
§
©
¨
·
¹
¸
ª
¬
«
«
º
¼
»
»
  (1) 
where ua is the amplitude velocity of the time-dependent excitation, F+ the non-dimensional actuation frequency, T= 
ck/(F+U) the cycle duration of the pulse, ts99  = f (sc, DC, T) the time the pulsed jet achieving its maximum value, sc 
the smoothing parameter of the flank of the pulse, DC the duty cycle of the pulse, and Ĳp=tp U/c the dimensionless 
pulse time (tp) given in convective units. tp is reset after each cycle duration so that a periodic behavior is generated. 
In addition, the harmonic actuation mechanism (see Fig. 3(b)) is modeled as follows: 
ujet (x,t)  ua (x) sin 2S F
  t                                                                    (2) 
 
 (a) pulsed actuation              (b) harmonic actuation 
Fig. 3. Modeling of the time-dependent part of the excitation mechanism. 
4. Results and discussions 
Fig. 4 (a) gives a basic description of the flow physics for the unexcited case. It is seen that the separation structure is 
indeed two-dimensional. As shown in Fig.5(b), the measured separation location, xsep, at 70% of the chord length is very 
well predicted by using DDES, whereas no separation occurs by using URANS(see Fig5(a)). However, as shown in 
Fig5(c), DDES gives xsep = 30%con the airfoil in addition with the generic slot. It shows apparent evidence that the 
separation is induced by the generic slot under such a near-stall-flow condition. The “laminar profile” strategy is thus 
adopted in the subsequent excited flow simulations. Moreover, the dominant amplitude in the frequency spectrum of the 
unexcited flow can be found at a Strouhal number of St =1.2 (see Fig. 6a), which is used as a starting point for a variation 
of the actuation frequency F+ 
All excited computations use the unexcited case solutions as initial flow conditions. A variation of the actuation 
frequency and intensities is conducted. It is found that the optimal condition, i.e. F+ = 1.6 and Ujet= 200 m/s, agrees 
well with the one in experiment. The corresponding results are shown here. It is seen from Fig.6 (b) and Fig.6 (c)that 
the excited flow with either the pulsed blowing or the harmonic actuationare more unsteady, with much more 
dominant frequencies involved. Moreover, compared to the unexcited case, a significant lift enhancement is obtained 
using either the pulsed blowing or the harmonic actuation. 
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(a) base flow      (b) pulsed actuation                          (c) harmonic actuation 
Fig. 4. Instantaneous snapshot (from DDES) of the pitching NACA 0015 airfoil. 
 
 (a) base flow using URANS,without generic slot   (b) base flow using DDES,without generic slot   (c) base flow using DDES,with generic slot   
Fig.5. Streamline and pressure contours  
 
 (a)base flow                                  (b)pulsed actuation                      (c) harmonic actuation 
Figure 6. Spectrum of the global lift coefficient for the unexcited flow (a) and the excited flow using pulsed actuation with F+ = 1.6 (b) and using 
harmonic actuation with F+ = 1.6 (c). 
Validation against experimental flow field quantities will be presented in the full paper.  The ongoing work will 
be further calculations for more realistic case with the actuation slot divided into several parts in spanwise directions. 
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